The aim of this study was to evaluate the presence of infectious disease in the Dome Church (Riga Cathedral) 
INTRODUCTION
Infectious diseases were responsible for a substantial number of deaths in the past populations, especially in overcrowded urban environments (Larsen, 1997) . Indeed, mortality rates of the living populations only significantly decreased in the 20 th century, when the overall quality of life improved thanks to better nutrition and hygiene, as well as the invention of antibiotics and vaccines (Cronberg, 1986) . Although historical sources can provide an insight into the quality of life, morbidity and mortality in the past populations, the primary source of information is palaeopathological analysis of archaeological skeletal remains.
The aim of this paper is to present data about infectious diseases in Riga during the late medieval period, based on skeletal material from the Riga Dome Church Cemetery. Such specific research has not been attempted before, and therefore the results will provide unique evidence about infectious disease in Riga during the period in question, as well as form a basis for further research. Studying the history of epidemics is not only important for understanding the life and death in past populations; learning about the spread and the course of infectious diseases in the past can help to prevent and limit them in living populations. Many of these diseases have not disappeared and still affect people around the world, regardless of the advances of the 21 st century medicine, with the same consequences as in antiquity.
The quality and quantity of palaeopathological data depends on a variety of factors, such as funeral practices, the quality and strategy of archaeological excavations, the preservation of skeletal remains in different soil conditions, as well as the processes of bone diagenesis in the ground. Often, the limiting factor in a thorough palaeopathological analysis is fragmentary or poorly preserved skeletal remains. When dealing with historical populations, historical sources such as documents describing certain historic events, diseases and epidemics, medical prescriptions, iconography, as well as data from archaeological excavations and ethnographic data can provide a valuable secondary source of information, the primary source being actual skeletal remains (Rob-PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 71 (2017) erts, 2002) . Unfortunately, there is a lack of information about years of bad harvests, famines and epidemics in the written sources from late medieval Latvia. Moreover, in the existing chronicles, every epidemic that caused high mortality among the population was described as the plague, which was not always the case (Dunsdorfs, 1962) . For a better understanding about outbreaks of infectious disease in the past, it is important to consider the historical context, including the circumstances that could have caused or encouraged the spread of the disease. Listed below are just a few preconditions that could have helped the spread of infectious disease in medieval and late medieval Riga.
Since the very beginning of its foundation in the 13 th century, Riga was built as an enclosed city, with a high population density inside the city walls (Ðterns, 1997) . Occasionally, during disasters such as famines and wars, the city had to accommodate a large number of immigrants, and the overcrowded conditions increased the possibility of epidemics. Infectious diseases spread with the speed of their carriers. In the past, the diseases were carried via trade routes, ports, and by marching armies. In the medieval period Riga was often involved in territorial disputes, which brought foreign armies into its territory. On the other hand, since the city was among the largest trading centres on the Baltic coast, it attracted traders and buyers from all over the region. As a result, the inhabitants of Riga were at high risk of contracting various diseases. According to historical sources, there was a number of infectious diseases affecting the population of Riga during the late medieval period, including typhus, plague, and smallpox (Brennsohn, 1905) . Combined with poor nutrition and low quality of life, the diseases greatly reduced the life expectation of the population (Zariòa, 2009 ).
Since the majority of infectious diseases only affect the soft tissue, they are hard to trace in skeletal remains. If, however, the disease has become chronic, instead of causing death shortly after onset, there is a possibility to detect it in the skeleton. Nevertheless, when finding possible infection-related bone changes in skeletal remains it is often difficult to name the cause. This is because the bone response to infection is limited and therefore the changes look similar in a number of conditions. One of the most typical bone responses to soft tissue infection is deposition of new bone on top of existing bone surface (periosteal new bone formation). Such changes, if affecting the skeleton without a particular pattern, are called non-specific. There are, however, chronic infectious diseases to which the human skeleton responds in a particular way, and they are therefore recognisable during palaeopathological analysis. These diseases include leprosy, venereal syphilis, and tuberculosis (TB) (Ortner, 2003) .
Leprosy is a chronic infectious disease caused by the bacterium Mycobacterium leprae. The disease mostly affects the skin and nervous system, and only involves the skeleton in 3-5% of the people affected. The majority of people with leprosy pass away without any related bone changes in the skeleton (Roberts and Manchester, 2005) . Despite the fact that the disease is often mentioned in historical sources (Bergmann, 1888) , along with specialised leprosy hospitals or leprosaria, the first of which was mentioned in 1225, so far no cases of leprosy have been found in the archaeological populations of Rîga. This could be due to the strategy of most archaeological excavations, when skeletal material was not collected completely, leaving smaller bones such as those in hands and feet, behind in the excavation trench. Bone changes specific to leprosy can affect hands and feet (Ortner, 2003) , but they are simply not observable in individuals that have not been fully collected. With regards to the skeletal population analysed during this research, however, most bones of hands and feet were available for analysis.
Venereal syphilis (VS) is caused by the bacterium Treponema palladium palladium and it can affect the skeleton in the third stage of the disease after onset, but only in 20% of those affected. In the majority of cases, the skull and the long bones of legs are involved (Steinbock, 1976) . In Riga, skeletal changes possibly caused by VS have been found in the skulls of two individuals from the Dome Church (Derums, 1988) . In a wider context, evidence for VS in the late medieval period in Latvia has also been found in skeletal populations from Dobele (Jankauskas, 1994) and Ventspils (Gerhards, 2005) .
Tuberculosis (TB) is an infectious disease caused by mycobacteria, particularly Mycobacterium tuberculosis. TB only involves the skeleton in 5% of all affected individuals during the active stage of the disease. Usually the changes affect the spine, as well as ribs and joints (Ortner, 2003) . So far, there is no data about TB in the medieval populations of Riga. Only a small number of individuals with skeletal changes possibly related to TB have been reported in Latvian skeletal populations so far (Derums, 1988) .
MATERIAL AND METHODS
In and around the Riga Dome Church, three burial grounds dating from the medieval and late medieval period were discovered during archaeological excavations, the first inside the church, the second in the courtyard and the cloisters, and the third outside the church. In this study, 274 individuals recovered in 1986-1989 from the third burial ground outside the church, were analysed. During the excavations, the area was already a part of the Dome Square, with no evidence of burials, such as gravestones, above the ground. The oldest part of the cemetery was to the east of the church, but the most recent was located by its northern wall. Apart from individual graves, several collective burials were also uncovered in the most recent part of the cemetery (Tilko, 1998) . The archaeologists believe that the third burial ground was reserved for the Bishop's servants, and for the poor. The burials in the third burial ground have been dated to the 13 th-17 th centuries (Tilko, 1998) . Overall, the preservation of the skeletal remains was good, but due to the excavation strategy, no ribs were available for analysis. Moreover, some skeletal remains were incomplete due to disturbance of the graves by later burials.
The age of the adult individuals was estimated mainly by degenerative changes in the pubic symphysis and the auricular surface Meindl et al., 1985; Brooks and Suchey, 1990; Buckberry and Chamberlain, 2002) . The age of the non-adult individuals was estimated using dental development and eruption, as well as epiphyseal fusion (Scheuer and Black, 2000) . Sex was estimated in the adult individuals by observing the morphology of the pelvis and skull (Phenice, 1969; Ascádi and Nemeskéri, 1970; Buikstra and Ubelaker, 1994) .
All individuals were observed macroscopically for any changes possibly related to infectious disease (new bone formation, destructive changes, or both), taking into account the appearance and distribution of the lesions (Hackett, 1976; Steinbock, 1976; Ortner and Putschar, 1981; Ortner, 2003) .
RESULTS
The skeletal population consisted of 108 males, 80 females, and 84 non-adults. Unusually for a Christian burial ground, there were only 2.7% of children younger than four years of age buried in the cemetery, although it is believed that child mortality was very high during the medieval and post-medieval period in Latvia (Zariòa, 2009 ).
During palaeopathological analysis, skeletal changes possibly related to certain infectious diseases were found in six adult and one non-adult individual (Table 1 ). All seven individuals had been buried by the northern wall of the church, dating from the 15 th -17 th centuries AD. The pathological changes found in these individuals are described in more detail below.
Burial 139 (male, 25-30 years old). The entire skeleton was available for analysis, except for the skull and the ribs. There were destructive bone changes in the inferior body of the 5 th lumbar vertebra, which had partly destroyed the bone (Fig. 1) . The changes also affected the superior and inferior body of the 1 st sacral vertebra (S1), as well as the superior body of the S2.
Burial 185 (female, 40-45 years old). The skeletal remains were fragmentary (the skull, the right arm and leg, and the ribs were absent). There was periosteal new bone formation on the left tibia and fibula, which had caused thickening of the whole shaft. The new bone was partly remodelled.
Burial 209d (female, 25-30 years old). This individual was buried in a collective pit (Burial 209), and the whole skeleton was available for analysis. Several lytic lesions were observed on the outer table of the frontal bone. In the post-cranial skeleton, lytic lesions were present on the articular surface of the humeral head and the sterno-clavicular joint of the right clavicle. Apart from lytic lesions, periosteal new bone formation was present on both tibiae, anteriorly and laterally, and the left femur.
Burial 212 (male, 45-50 years old). The entire skeleton was available for analysis. Similarly to burial 209d, irregular, lytic lesions were present on the frontal bone of this individual. Post-cranially, periosteal lesions were present on both tibiae, and as a result, both shafts were thickened. New bone formation was also present on the femora, as well as posteriorly on the left proximal ulna and the distal epiphysis of the left radius.
Burial 214 (female, 35-40 years old). The entire skeleton was available for analysis. The most obvious pathological changes affected the skull of this individual, particularly the frontal and the facial bones. Lytic lesions were present on the frontal bone, one of which had perforated the bone completely. This lesion was located above the right orbit. The nasal aperture was enlarged due to extensive remodelling of the anterior nasal spine of the maxilla (Fig. 2) . A mixture of new bone formation and destructive changes were also present anteriorly on the right zygomatic bone. Post-cranially, periosteal new bone formation and thickening of the shaft was observable on both tibiae and fibulae. New bone formation was also present on the proximal shaft of the right hu-T a b l e 1
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No. merus, the posterior part of the right proximal ulna and distally on the posterior shaft of the right radius.
Burial 217b (non-adult, 14-15 years old). This individual was buried in the lower layer of the collective pits Nos. 206 and 217. The entire skeleton was available for analysis. The frontal and nasal bones were porous in appearance, but no new bone formation or remodelling changes were observed. Post-cranially, the tibiae and fibulae had the "sabre shin" appearance -both tibiae had markedly thickened medial shafts, which had caused a rounded, bowed appearance of the anterior crest.
Burial 217e (female, 30-35 years old). This individual was also buried in the lower layer of the collective pit Nos. 206 and 217. The whole skeleton, except for the right fibula and the right hand, was available for analysis. Similarly to a number of other adult individuals described above, this female also had extensive "caries sicca" lesions on the frontal bone of the skull. Post-cranially, both tibiae were affected by extensive periosteal reactions and perforations likely caused by gummatous lesions (Fig. 3) . The infection had also affected the right elbow joint.
DISCUSSION
The destructive lesions observed in Burial 139, with little evidence for new bone formation, might have been caused by tuberculosis. If affecting the skeleton, the infection is particularly common in the lower spine and the joint between the 5 th lumber vertebra and the sacrum (Ortner, 2003) .
The pathological changes in burials 185, 209d, 212, 214, 217b , and 217e were characteristic of venereal syphilis (VS) in different stages. In individuals 185, 209d, and 212 the appearance and distribution of the lesions were suggestive of initial stages of VS, when only the frontal bone and the lower legs are usually affected.
In burial 214, although remodelling changes in the nasal aperture can be caused by various conditions, including leprosy, TB and VS (Ortner, 2003) , the presence and the appearance of the lytic lesions in the skull, also called "caries sicca" (irregular, necrotic lesions on the outer table of the skull), as well as the distribution of other pathological changes, suggest the presence of tertiary VS. With regards to lytic lesions on the skull, it was observed that all of them had initiated on the outer table, thus supporting the diagnosis of VS; in TB, the lesions on the skull are more likely to affect the inner table first (Hackett, 1976) . Since this individual did not have pathological changes specific to leprosy affecting the fingers and toes (Ortner, 2003) , it is unlikely that the remodelling changes in the nasal aperture were caused by this infectious disease.
The lesions observed in the lower legs of burial 217b could also have been caused by VS. Taking into account the age of the individual, late congenital VS is one of the possible diagnoses, although no specific dental enamel defects were present on the teeth; this form of the disease affects children aged between 5-15 years, after a long period of latency (Steinbock, 1976) .
Finally, the distribution and appearance of the lesions in burial 217e suggested the presence of advanced VS. New bone formation on the lower legs had caused the "sabre-shin" appearance, which is characteristic in tertiary VS (Hackett, 1976) . Although the changes observed in the left elbow joint could be related to a number of other condi- tions, asymmetrical joint lesions can be present in VS (Ortner, 2003) .
The palaeopathological analysis of the skeletal population of the Riga Dome Church Cemetery revealed that at least one individual was suffering from TB at the time of death. Altogether, the spine was observable in 165 adult and 73 non-adult individuals (aged 5-19 years). Destructive changes that could have been caused by TB were only present in the individual from burial 139. In this case, the infection had affected the lower spine. It is possible that the presence of TB in other individuals could be found with the help of ancient DNA analysis, which is being used with considerable success in bioarchaeology (Zink et al., 2005) . Indeed, it is possible that more individuals from this cemetery population had suffered from TB, but the limiting factor in detecting the disease by macroscopic observation alone is the lack of ribs due to the excavation strategy, as discussed above. So far, only three possible cases of TB have been reported in Latvian skeletal populations. For this reason, it has been suggested that most people with TB died shortly after the onset of the disease, without developing changes in the skeleton. It is also possible that there were different, acute forms of TB in the past, which did not affect the skeleton (Derums, 1988) .
With regards to other specific infectious diseases, there were six individuals with changes likely caused by VS (Table 2). In two individuals, the changes were characteristic of the tertiary stage of VS (214; 217e), and three other adult individuals had pathological changes possibly caused by early VS (185; 209d; 212) . One non-adult individual (217b) also had skeletal changes, particularly in the lower legs, possibly caused by late congenital VS. This is the first possible case of late congenital VS in the skeletal populations from Latvia. It has to be taken into account, however, that the actual number of people suffering from VS in medieval and post-medieval Riga could have been higher, the rates possibly nearing an epidemic. This is because tertiary syphilis only involves the skeleton in 20% of the affected people, and in 42-62.4% the lesions are found in the skull (Steinbock, 1976) . As a result, the disease is macroscopically undetectable in a large number of individuals.
The discussion about VS in palaeopathological literature has been ongoing for decades. Some researchers believe that the previously published data about the disease reaching Europe only after the return of Christopher Columbus from the New World in 1493 are inaccurate (Harper et al., 2011) . In the case of the Riga Dome Church Cemetery, the dating of one of the collective pits (the upper layer of 206 and the lower layer of 217), in which two individuals with possible VS were buried, raises questions. No artefacts that could aid with the dating of the burials were found in this pit; just above it, however, there was an individual burial (204) that contained artefacts dating from the end of the 14 th to the beginning of the 15 th century AD (Tilko, 1998) .
If this date is correct, then the two individuals with VS from the collective pit (burials 217b and 217e) are earlier than the travels of Columbus. In order to discuss this situation in more detail, it is necessary to obtain a radiocarbon date from burial pit 217.
It is worth mentioning that all individuals with possible VS had been buried in a relatively small area by the northern wall of the church (30 m 2 ). Three of them were buried in individual graves, and three in collective pits. It is possible that those buried in collective pits had died during a natural disaster (epidemic, famine) or a war affecting the city. This possibility is supported by the fact that none of the deceased were placed in a coffin. It is also possible that this area of the cemetery was reserved for those who died in shelters or hospitals, which also accommodated people who suffered from VS. Taking into account historical evidence, VS reached Livonia (the territory of Latvia and Estonia) in the end of the 15 th century/beginning of the 16 th century AD via land trade routes from Poland and Lithuania (Derums, 1988; Jankauskas, 1994) . According to the palaeopathological evidence, however, having found cases of VS mainly in Riga, it is possible that the infection was brought to Riga via the sea shortly after the discovery of the New World by the Europeans, and had spread to the level of an epidemic by the 16 th century, as the first hospital for VS patients was opened in Riga in 1543 (Brennsohn, 1905) .
This research has generated new and meaningful facts about infectious disease in the medieval population of Riga, which would not be possible to obtain by means other than palaeopathological analysis. The analysis of 274 individuals revealed that seven individuals (six adults and one nonadult) likely suffered from specific bacterial infections at the time of death. In five adults (four females and one male) specific changes likely caused by VS were found in the skull and the long bones, particularly the lower legs. A non-adult individual had changes in the lower legs possibly caused by late congenital VS. n/a, the skull was not available for analysis tion of the cities, who were exposed to a wider society (Jankauskas, 1994) . In this case, VS was found among the poor population of Riga, who might have been patients of a shelter or a hospital.
Despite the relatively large number of individuals analysed during this research and also historical evidence for a high prevalence of leprosy in medieval and late medieval Riga, this infectious disease has not been found in the archaeological populations of Riga or Latvia. So far, no cases of leprosy have been reported from the Baltic States. It has to be taken into account that people suffering from leprosy could have been buried in cemeteries next to special leprosy hospitals or leprosaria. It is possible that in Riga, leprosy patients were accommodated in the St George's Hospital, which was located outside the city walls from the 14 th century onwards. The hospital also had some outbuildings, a church and a cemetery (Ðterns, 1997) .
This research has also yielded the first case of possible TB in Riga in the 15 th -17 th centuries. The macroscopic observations should be complemented with biomolecular analysis for the presence of M. tuberculosis DNA, and the genome of the bacterium if the result is positive. The results would be very important for a comparative analysis between ancient and contemporary TB, thus finding the possible origin of the TB types currently affecting the population of Latvia.
To continue the research into infectious disease in the past, a multidisciplinary approach is necessary involving archaeology, palaeopathology, and molecular biology in order to answer the questions raised by this research, as well as to gain new data about how infectious diseases affected the past populations of Riga and Latvia.
